lhe integration of chlorophyll a/b-binding (LHCP) polypeptides and the translocation of the 33-kD oxygen-evolving enhancer protein (OEE33) have been previously shown to occur in chloroplast extracts containing stroma, thylakoids, ATP, and MgCI,. We have re-examined the nucleotide requirement for these two reactions using stromal extract and translation products depleted of low molecular weight compounds. LHCP integration activity was up to 10-fold higher when assayed with CTP compared with ATP, CTP, or UTP. A combination of ATP and GTP supported less LHCP integration activity than CTP alone, suggesting that CTP meets the entire nucleotide requirement. Nonhydrolyzable analogs of GTP were inhibitory, consistent with the idea that CTP hydrolysis is required for integration activity. Periodate-oxidized GTP (CTPox) also inhibited the integration reaction when present during the assay. Pretreatment of stroma with CTPox followed by CTPox removal inhibited integration activity, whereas pretreatment of thylakoids had no effect. We interpret this to mean that a CTPbinding protein involved in integration is localized in the stroma. Translocation of OEE33 was more efficient with ATP than with CTP, and the combination of both nucleotides was not additive. Our data implicate the involvement of a CTPase in LHCP integration but not in the translocation of OEE33.
lhe integration of chlorophyll a/b-binding (LHCP) polypeptides and the translocation of the 33-kD oxygen-evolving enhancer protein (OEE33) have been previously shown to occur in chloroplast extracts containing stroma, thylakoids, ATP, and MgCI,. We have re-examined the nucleotide requirement for these two reactions using stromal extract and translation products depleted of low molecular weight compounds. LHCP integration activity was up to 10-fold higher when assayed with CTP compared with ATP, CTP, or UTP. A combination of ATP and GTP supported less LHCP integration activity than CTP alone, suggesting that CTP meets the entire nucleotide requirement. Nonhydrolyzable analogs of GTP were inhibitory, consistent with the idea that CTP hydrolysis is required for integration activity. Periodate-oxidized GTP (CTPox) also inhibited the integration reaction when present during the assay. Pretreatment of stroma with CTPox followed by CTPox removal inhibited integration activity, whereas pretreatment of thylakoids had no effect. We interpret this to mean that a CTPbinding protein involved in integration is localized in the stroma. Translocation of OEE33 was more efficient with ATP than with CTP, and the combination of both nucleotides was not additive. Our data implicate the involvement of a CTPase in LHCP integration but not in the translocation of OEE33.
The study of protein targeting to the thylakoid has been greatly facilitated by the development of in vitro assays. Assays were first developed for LHCP, where it was demonstrated that integration of the polypeptide requires stroma, Mg2+, and ATP and occurs only in thylakoid membranes (Cline, 1986; Chitnis et al., 1987) . A PMF has been reported to enhance integration, although it was not absolutely required for integration activity (Cline et al., 1989 (Cline et al., ,1992 . Payan and Cline (1991) demonstrated that LHCP competent for membrane integration is in a 120-kD soluble complex with stromal protein. Because additional stroma is required for the soluble LHCP complex to integrate into the thylakoid, it has been proposed that more than one stromal factor might be involved (Payan and Cline, 1991) . It has been suggested that a heat-shock protein (HSP70) purified from stroma can substitute for stroma in the thylakoid integration assay (Yalovsky ' Support for this work was provided by National Institutes of Health grant GM42609-02 (to N.E.H.) . This article is Carnegie Institute of Washington-Department of Plant Biology I'ublication No.
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* Corresponding author; fax 1-415-325-6857. 295 et al., 1992). However, Yuan et al. (1993) demonstrated that HSP70 is not a component of the soluble complex and that it can be immunodepleted from stroma without affecting integration activity. Clearly, one or more factors involved in the integration reaction remains to be identified.
In vitro assays have also been used to study the translocation of four lumenal proteins: plastocyanin, OEE33,OEE23, and OEE17 (Kirwin et al., 1989; Bauerle et al., 1991; Bauerle and Keegstra, 1991; Mould and Robinson, 1991; Mould et al., 1991; Cline et al., 1992; Klosgen et al., 1992) . Of the four proteins, only OEE33 has been reported to require stroma for in vitro targeting (Robinson et al., 1993) . Evidence has been presented that OEE33, like LHCP, requires both ATP and a PMF for translocation across the thylakoid (Mould and Robinson, 1991; Mould et al., 1991) . Information specifying translocation across the thylakoid membrane is contained within the thylakoid transfer domain of the lumenal proteins (Ko and Cashmore, 1989) . These domains resemble signal sequences that target proteins to the ER or cytoplasmic membrane in prokaryotes (von Heijne et al., 1989) and in some cases function as signal sequences in Escherichia coli (Seidler and Michel, 1990; Meadows and Robinson, 1991) .
Recently we isolated a cDNA encoding a stromal protein, 54CP (Franklin and Hoffman, 1993) , that resembles E. coli
Ffh, a homolog of SRP54 (Poritz et al., 1990; Ribes et al., 1990) . Given the well-defined role of SRP54 in targeting secretory proteins to the ER and the resemblance of the thylakoid transfer domain to signal sequences, it is conceivable that 54CP is involved in targeting polypeptides to chloroplast membranes. SRP54 binds GTP (Bemstein et al., 1989; Romisch et al., 1989) , and GTP is required for SRP function Gilmore, 1986, 1989; Connolly et al., 1991) .
In the present report, we have examined whether the nucleotide requirements for targeting of LHCP and OEE33 can be met by GTP. We demonstrate that GTP appears to be the only nucleotide required for integration of LHCP into thyla-Plant Physiol. Vol. 105, 1994 koids, whereas ATP fulfills the nucleotide requirement for the translocation of OEE33.
MATERIALS AND METHODS

Chemicals
The following chemicals were purchased from Sigma: sodium salts of GTP, ATP, ADP, and GTPox, and the lithium salt of GTP. The following chemicals were purchased from Pharmacia: 100 mM HPLC-purified solutions of sodium salts of GTP, ATP, CTP, and UTP. The following chemicals were purchased from Boehringer: sodium salt of GMP, lithium salts of GDP and GMPPNP, 100 mM solution of GTP-y-S, and 100 mM solution of ATP-y-S. The concentrations of nucleotide solutions were adjusted based on spectrophotometric measurements at 260 nm using molar extinction coefficients of 15.4 X 103 and 11.7 X 103 for adenosine-and guanosine-containing nucleotides, respectively (Dawson et al., 1986) .
In Vitro Transcription and Translation
A pea (Pisum sativum) Lhcbl*2 gene (Hand et al., 1989) , encoding the precursor of LHCP (AB80) from PSII, an Arabidopsis thaliana PsbO gene (Ko et al., 1990) , encoding the precursor of OEE33, and a tomato (Lycopeusicon esculentum) Lhca2*2 gene (Pichersky et al., 1988) , encoding the precursor of LHCP from PSI (CAB7), were transcribed with SP6 polymerase and translated in wheat germ extract as described (Adam and Hoffman, 1993) . Translation products (400 pL) were applied to spin columns (Helmerhorst and Stokes, 1980) consisting of 3 mL of Sephadex G-25 equilibrated in 10 mM Hepes-KOH, pH 8.0. The columns were centrifuged at 3000 rpm for 2 min in an SA-600 rotor. The flowthrough was applied to a second column and processed as above. Two successive spin-column treatments reduced the free Met to 1% of the original level.
In Vitro Translocation and lntegration Assay
Intact chloroplasts were isolated from 8-to 10-d-old pea plants (var Laxton's Progress #9) by a method described previously (Cline, 1986) . Chloroplasts (4.5 mg of Chl) were lysed in 1.5 mL of 10 mM Hepes-KOH, pH 8.0, and centrifuged at 50,000 rpm for 5 min in a TLA 100.3 rotor. The supernatant was processed through two spin columns as described for translation products. The filtrate was again centrifuged at 50,000 rpm for 5 min in a TLA 100.3 rotor, and the supernatant was used as stroma. Thylakoids were washed four times in lXSH and resuspended in lXSH to a Chl concentration of 1 to 2 mg/mL. A typical integration or translocation reaction contained, in 300 pL, thylakoid (30 pg of Chl), stroma (approximately 200-500 pg of protein), MgC12 (10 mM), Met (10 mM), sorbitol (167 mM), Hepes-KOH, pH 8.0 (30 mM), 2 X 105 cpm of labeled precursor protein, and the indicated nucleotides. Reactions were incubated at 25OC for 60 min under low light (5 pE m-* s-').
Protease Digestion of Thylakoid Membranes
Integration assays were terminated by adding 15 pL of a freshly prepared solution of 2 mg/mL proteinase K in 200 m~ EDTA and 1XSH. Proteolysis was allowed to proceed for 30 min on ice and was terminated by adding 3 PL of 3% PMSF in methanol and vortexing. After 5 min, 400 pL of 0.2 N NaOH was added, followed by a further 5-min incubation on ice. Samples were then centrifuged and the pellets washed in 500 pL of lXSH and ultimately resuspended in 15 pL of sample buffer (50 mM Tris-HC1, pH 6.8, 10% glycerol, 8% SDS, 60 mM DTT, and 0.1% bromphenol blue). For translocation assays, reactions were terminated by adding 30 pL of a freshly prepared solution of 2 mg/mL proteinase K in IXSH.
Proteolysis was allowed to proceed for 30 min on ice and was terrninated by adding 3 PL of 3% PMSF in methanol and 1 rrtL of lXSH containing 20 mM EDTA. Samples were centrifuged and pellets were washed in lXSH containing 20 mM EDTA and resuspended in 15 pL of sample buffer. After samples were electrophoresed on 13% (for OEE33) or 15% (for AB80 and CAB7) polyacrylamide gels (Laemmli, 1970) , gels were fixed for 15 to 30 min in 7.5% acetic acid:20% methanol, dried, and placed against phosphorimage screens. Radioactive bands were detected and quantitated using a Molecular Dynamics Phosphorimager. The figures were made from photographs of either autoradiographs or phosphorimages of the gels.
CTPox IPretreatment of Stroma and Thylakoids
Spin-desalted stroma, in 10 mM Hepes-KOH, pH 8.0, was incubated at 25OC in the presence of the indicated amounts of GTPox and GTP. The control stroma was incubated only in 10 n w Hepes-KOH, pH 8.0. After 30 min the stroma samples were centrifuged through single Sephadex G-25 columns and used in assays containing washed thylakoids stored at O°C during the treatment of stroma. For the negative control (minus thylakoids), thylakoids were add(!d after proteinase K treatment.
Washed thylakoids were pretreated at 25OC with the indicated amounts of GTPox and GTP in 0.22 M sorbitol and 36 mM Hepes-KOH, pH 8.0. After 30 min, thylakoids were washed two times in lXSH and resuspended to 1 mg Chl/ mL in 1XSH. Thylakoids were added to assays containing spin-desalted stroma kept at O°C during the treatment of thylakoids. For the negative control, stroma was omitted from the ass,iy. Assays testing pretreated stroma and thylakoids contained 200 p~ GTP.
RESULTS lntegration of LHCP into Thylakoid Membrane!; 1s
Stimulalted by CTP To begin our investigation, we examined whether GTP or GTP-y-S had any effect on LHCP integration in an in vitro assay. A typical assay for integration of LHCP into thylakoid membranes includes chloroplast stroma, thylakoids, 10 mM Mg-ATP, and radiolabeled translation product synthesized with wheat germ extract (Cline, 1986) . We typically passed translation products and stroma over two Sephadex G-25 and CAB7 in the presence of a 100-fold excess of ATP. Stroma and translation products were spin desalted a single time using Sephadex C-25. Reactions (lanes 1-4 and 6-9) were conducted in the presence of 10 mM ATP, 10 mM MgCI 2 , and washed thylakoids containing 30 Mg of Chl. Reactions received stroma, CTP, and CTP-7-S as indicated. Reactions were terminated by protease treatment of thylakoids followed by alkaline wash. Translation products (tp) equivalent to 1% of the AB80 and CAB7 added to the reaction were run in lanes 5 and 10, respectively, a, Phosphorimage of samples analyzed by SDS-PACE. b, Percentage of protein integrated into the membrane. Quantitation was by radioanalytic imaging.
Values were corrected for background activity that occurred in the absence of stroma (lanes 1 and 6). Corrections were also made to account for losses in radioactivity due to processing of the transit peptide.
spin columns and the thylakoids were washed four times with 1XSH. We estimate that this will reduce the background GTP and ATP level to the 100 RM and 1 ^M range, respectively. In the experiment shown in Figure 1 , however, stroma and translation products were desalted using a single column only.
In the presence of 10 mM ATP, we examined the effect of additions of 0.1 mM GTP or GTP-7-S, a poorly hydrolyzable GTP analog, on the LHCP integration assay. This initial experiment was conducted with precursors of a pea LHCP (AB80) that associates with PSII and a tomato LHCP (CAB7) that associates with PSI. The two proteins are 30% identical at the amino acid level. Little to none of either protein remained associated with the thylakoids in the presence of 10 mM ATP if stroma was omitted from the assay (Fig. 1 , lanes 1 and 6). Addition of stroma promoted the integration of both precursors into the thylakoid, as evidenced by their resistance to protease treatment followed by alkali extraction (Fig. 1 , lanes 2 and 7). When 0.1 mM GTP was included in the assay, membrane integration was promoted for both peptides (Fig. 1, lanes 3 and 8) . Likewise, the integration of both peptides was inhibited by the inclusion of 0.1 mM GTP-7-S (Fig. 1, lanes 4 and 9) . The fact that GTP or GTP-7-S had a discernible effect in the presence of a 100-fold excess of ATP suggests a role for GTP in the integration of LHCP into thylakoid membranes.
To further our investigation, we conducted more detailed studies using only AB80 precursor. We compared the relative effectiveness of the four nucleotide triphosphates at promoting integration. Each of the four nucleotides (Pharmacia, HPLC purified) was examined individually at 20 and 200 fiM. As can be seen in Figure 2 , ATP, CTP, and UTP were all capable of promoting integration to a small degree and were essentially equivalent in effectiveness. GTP, however, supported approximately 10-fold more integration activity at both concentrations. We also conducted assays where the concentration of GTP, GDP, ATP, or ADP was varied between 4 /iM and 2.5 mM ( ATP, but activity was consistently less (Fig. 3e) The data in Figure 3 , c and e, show that GDP was nearly as effective as GTP at concentrations below 100 ^M but became increasingly ineffective at higher concentrations. This effect was reproduced in a number of subsequent experiments with the exception that the activity of GDP was usually less than that of GTP at lower concentrations. Since GDP was added as a lithium salt and GTP was used as the sodium salt, we compared the integration activity in assays supported by the lithium versus the sodium salt of GTP. We found no differences between the two salts (data not shown). Addition of lithium chloride up to 1 HIM had no effect on assays conducted with the sodium salt of GTP (data not shown). Thus, the GDP effect could not be attributed to lithium. One possible explanation for the GDP concentration effect is that the GDP is truly as effective as GTP but the GDP solution contains a contaminant that becomes inhibitory only at high concentrations. This possibility is invalidated by the data in Figure 4 . When 0.1 HIM GTP was added to 0.5 rrtM GDP, the integration activity was stimulated 2-fold compared with 0.5 HIM GDP alone (Fig. 4, a and b, lane 5) . This clearly shows that GTP is a more active compound than GDP.
As will be discussed in more detail below, the biphasic GDP concentration curve may reflect the fact that GDP actually inhibits the integration reaction. At low concentration most of the GDP may be converted into GMP and GTP by nucleoside monophosphate kinase activity in the stroma, and the GTP produced would promote activity. At high GDP concentration, the kinase may be saturated and GDP would accumulate, thereby inhibiting the integration reaction. Similarly, the activity attributable to ADP may actually be due to ATP generated by adenylate kinase.
AB80 Integration Is Inhibited by GDP and Nonhydrolyzable Analogs of GTP
The data shown in Figure 1 indicate that GTP-7-S inhibits integration of LHCP polypeptides in the presence of ATP. Having shown that integration activity was more dependent on GTP than ATP, we examined the effect of nonhydrolyzable GTP analogs and GDP on integration promoted by GTP. Each nucleotide was tested alone and in combination with 100 MM GTP. In general, the test compounds were very ineffective at supporting integration activity (Fig. 4a) . GMPPNP and GTP-7-S both supported a low, although significant, level of activity (Fig. 4a , compare lanes 2 and 3 to lanes 6 and 7). However, according to the manufacturer these preparations may be contaminated by up to 5% GDP for GTP-7-S and 0.2% GTP for GMPPNP. Therefore, we cannot exclude the possibility that the observed activity is due to the presence of GDP and GTP contaminants. Figure 4b shows an experiment in which test compounds were used at a concentration of 500 MM and GTP was used at 100 MM. GTP--/-S was the most effective inhibitor; it reduced activity by over 80% (Fig. 4, b and c, lane 7) . The nonhydrolyzable GTP analog GMPPNP was also an effective inhibitor, providing evidence that GTP hydrolysis is a requirement for integration activity (Fig. 4, b and c, lane 6). As expected from the concentration curve in Figure 3 , GDP was also very inhibitory (Fig. 4, b and c, lane 5). ATP-7-S and ADP inhibited the reaction to a lesser extent (Fig. 4, b and c, lanes 8 and 9), and this probably reflects the greater affinity of the nucleotide triphosphatase for GTP over ATP. GMP was found to be a neutral compound. We rarely observed any integration activity with GMP and, likewise, a 5-fold excess of GMP over GTP had essentially no inhibitory effect (Fig. 4, a-c, lane 4) . At 100 fiM the test compounds were not very inhibitory (data not shown), and GTP-7-S, the most effective inhibitor, reduced activity by only 40 to 50%.
No Evidence for a Synergistic Effect between ATP and GTP on AB80 Integration
It is conceivable that both ATP and GTP may be required for integration of LHCP into thylakoid membranes. For example, there might be distinct nucleotide requirements for maintaining LHCP in an integration-competent form, for targeting LHCP specifically to the thylakoids, or for the actual insertion of the protein into the membrane. Therefore, we examined whether there was a synergistic effect on the integration activity when ATP and GTP were added in combination. Figure 5 shows our comparison of integration activity between reactions containing equal amounts of ATP and GTP with reactions containing GTP at levels equal to the sum of the two nucleotides. We observed that a combination of GTP + ATP resulted in less integration activity than was found for GTP alone. Not only was there no additive effect, but the presence of ATP seems to be inhibitory, since the reaction containing ATP appeared to saturate at a lower activity than the reaction containing GTP alone. This observation suggests that ATP is acting at the same site as GTP.
Although ATP in combination with GTP has no additive effect, the effectiveness of ATP can be greatly enhanced by the addition of GMP. Figure 6 shows data compiled from three separate experiments. In each case activity was related to the reaction containing 100 fiM GTP (Fig. 6, lane 2) . Activity in the presence of ATP was typically 5-to 10-fold less than in the presence of the same concentration of GTP (Fig. 6 , . AB80 integration activity in the presence of ATP and GTP (A/G) was less than with GTP (G) alone. Reactions were conducted as described in the legend to Figure 2 . The indicated concentration of nucleotide was the total nucleotide added. When ATP and GTP were added simultaneously, the actual concentration of each nucleotide was half the indicated concentration, a, Phosphorimages of samples analyzed by SDS-PAGE. b, Percentage of AB80 integrated into membranes. The standard used for quantitation was 10% of the translation product, as described in the legend to Figure  2 , and is not displayed in the figure. lane 4). GMP alone supported no activity (Fig. 6, lane 3) . However, when 100 MM GMP and 100 MM ATP were combined, integration activity jumped severalfold to 70 to 80% of the 100 MM GTP control (Fig. 6, lane 5) . The results of this experiment were consistent with the idea that stroma contains nucleoside monophosphate and nucleoside diphosphate kinase activity capable of using ATP to convert GMP to GTP. It is conceivable that the variability in the effectiveness of ATP from experiment to experiment may be caused by variability in removing guanosine nucleotides from the stroma and translation product.
Evidence That a GTP-Requiring Step for AB80 Integration Is Localized in the Stroma
The aforementioned experiments indicated that at least one GTP-requiring step is involved in AB80 integration. We sought to establish whether the GTP requirement occurred in the stroma and/or the thylakoids. A number of GTP analogs exist that covalently bind and inactivate GTP-binding proteins (Hingorani et al., 1989) . We experimented with GTPox prepared by periodate oxidation of GTP. In the presence of 0.1 HIM GTP, 0.05 mM GTPox was not inhibitory when added directly to the reaction. However, when the concentration of GTPox was increased another 10-fold, integration activity was reduced by over 90% (Fig. 7a, lanes 1-3) . We subsequently evaluated whether GTPox pretreatment of stroma or thylakoids would also have an inhibitory effect. Stroma was incubated for 30 min at 25°C in the absence or similar nucleotide requirement. Stroma and translation products were spin desalted and thylakoids were washed to remove nucleotides. Translocation assays were conducted in the presence of either ATP, GTP, or both. In the absence of nucleotide, OEE33 was not appreciably translocated ( Fig. 8a) , whereas either nucleotide added individually promoted presence of 1.6 HIM GTPox, 16 mvi GTP, or both. Nucleotides were removed by spin desalting and then integration was assessed in the presence of untreated thylakoids and 200 JIM GTP. Figure 7b , lane 4, represents the negative control, where thylakoids were omitted from the assay until proteolysis treatment was complete. No activity was observed in this treatment, indicating that the stroma was free of any contaminating thylakoids. Integration activity was severely inhibited by GTPox pretreatment of stroma (Fig. 7b, lane 6 , versus lane 5), whereas GTP treatment had essentially no effect. A 10-fold excess of GTP during pretreatment slightly prevented the inhibition due to GTPox (Fig. 7b, lane 6, versus lane 8) . The ineffectiveness of GTP at preventing the inhibition might be due to the fact that GTP binds the stromal component reversibly, whereas GTPox binds irreversibly.
A similar experiment was conducted in which thylakoid membranes were pretreated with GTPox and GTP under conditions similar to those used for the stroma experiment. There was no activity if stroma was omitted, indicating that the thylakoids were not contaminated with any stroma (Fig.  7c, lane 9) . GTPox pretreatment of thylakoids had only a minor inhibitory effect (Fig. 7c, lane 11, versus lane 10) . Surprisingly, the combination of GTP and GTPox was more inhibitory than GTPox alone (Fig. 7c, lane 11, versus lane  13) . The significance of this result is not clear. The experiments depicted in Figure 7 demonstrate that GTPox inhibits a stromal component required for integration activity.
Translocation of OEE33 Is Promoted by ATP
Having shown that LHCP integration is dependent on GTP, we explored whether the lumenal protein OEE33 has a OEE33 translocation. In the case of GTP, the stimulation was evident at 10 MM; however, further 10-fold increases in GTP concentration did not increase the amount of protein translocated. This indicates that the reaction is limited by another component. It is conceivable that the initial stimulation observed with GTP might be due to a stromal kinase activity converting a limiting amount of AMP and ADP into ATP. With GTP only a single polypeptide corresponding to the mature form (M) of OEE33 was evident. The position of the precursor (P) is indicated for comparison. Translocation is more efficient in the presence of ATP. As the nucleotide level was increased, OEE33 translocation increased concomitantly (Fig. 8, a and b) . At the higher nucleotide levels, we also observed a protease-protected form larger than the mature protein. This form may represent an intermediate that is not completely processed. At 1 ITIM nucleotide, ATP promoted approximately 4-fold more OEE33 translocation than GTP. However, the reaction was well below saturation and less than 2% of the added protein was translocated.
We also examined whether translocation efficiency could be improved by adding both ATP and GTP simultaneously. The translocation activity resulting from adding both nucleotides at 5, 50, or 500 JIM concentration was compared with activity from ATP alone at 10, 100, and 1000 MM concentration. The combination of nucleotides was less effective than adding ATP alone (Fig. 8, a and b) . GTP did not seem to be inhibitory, though. The amount of OEE33 translocated in the presence of 500 MM ATP + 500 MM GTP is similar to the 1.00 Figure 8 . Effect of ATP and CTP on OEE33 translocation. Reactions were conducted as described in the legend to Figure 2 except that terminal protease treatment was not followed by alkali wash. Each reaction was conducted in duplicate, a, Phosphorimages of one set of samples analyzed by SDS-PACE. The number above each lane is the concentration (mM) of total nucleotide added to each reaction as described in the legend to Figure 5 . b, Percentage of OEE translocated relative to 10% of the translation product added to the reaction and corrected for processing.
amount extrapolated from the ATP-alone curve in Figure 8 for 500 MM ATP.
The efficiency of our reaction is comparable to that reported by Kirwin et al. (1989) for ATP-driven translocation. Mould et al. (1991) found that translocation efficiency of OEE33 can be markedly improved in high light (300 nE m" 2 s~'). We attempted a limited number of experiments in which we increased the light intensity from 5 to 150 fiE m~2 s" 1 but were unable to improve the translocation activity.
DISCUSSION
Integral membrane proteins and soluble proteins appear to be targeted to the ER by a common mechanism involving the SRP. Thus, it is possible that AB80 and OEE33, an integral and an extrinsic membrane protein, respectively, are targeted to the thylakoid membranes by a common mechanism. Previous evidence supported this view, since the targeting of both proteins was promoted by ATP, the pH component of the PMF, and stroma (Mould et al., 1991; Cline et al., 1992; Robinson et al., 1993) . GTP is required for SRP-dependent targeting of proteins to the ER (Connolly and Gilmore, 1986; Wilson et al., 1988) . In light of our recent discovery of 54CP (Franklin and Hoffman, 1993), we sought to establish whether the thylakoid targeting of AB80 or OEE33 had a requirement for GTP. In the absence of other nucleotides, we found that AB80 integration was promoted to a greater extent by GTP, whereas OEE33 translocation was promoted to a greater extent by ATP.
We concluded that AB80 requires GTP for integration based on the following. First, in dark or light, integration was entirely dependent on the presence of a nucleotide (Cline et al., 1992) . Second, at 20 and 200 MM nucleoride concentration, GTP promoted up to 10-fold more integration activity than ATP, CTP, or UTP, and the apparent K. m for GTP was 10-fold lower than for ATP (Figs. 2 and 3) . Third, at physiological levels of ATP and GTP, roughly 1 mM and 0.2 mM, respectively (Krause and Heber, 1976; Gilmore and Bjorkman, 1994) , in vitro integration activity supported by ATP was about half that supported by GTP (Fig. 3) . Fourth, GTP-7-S and GDP were more potent inhibitors of GTP-promoted activity than were ATP-7-S and ADP, respectively (Fig. 4) . Furthermore, the nonhydrolyzable GTP analog GMPPNP was also inhibitory. Finally, even in the presence of 10 mM ATP, 100 MM GTP stimulated and 100 MM GTP-7-S inhibited AB80 integration (Fig. 1) .
Our data indicate that ATP alone is a very poor substrate for AB80 integration. It was no more effective than UTP or CTP. Since activity is stimulated by increasing the concentration of the three nucleotides, it is unlikely that the activity is due to stromal kinase activity phosphorylating guanine-containing nucleotides contaminating the stroma or translation reaction. By HPLC analysis we were unable to detect any guanine-containing nucleotides in the ATP solution. We interpret this to mean that the GTPase involved in AB80 integration can utilize the three nucleotides to a slight extent. However, the effectiveness of ATP can be greatly increased if GMP or GDP is present simultaneously. A mixture of GMP and ATP had much greater integration activity than either nucleotide alone (Fig. 6) monophosphate and diphosphate kinases in the stroma used ATP to convert the GMP into GTP. We ascribe the effectiveness of ATP in earlier studies to this stromal activity. Part of the argument for the requirement for ATP was based on the fact that apyrase inhibited integration activity (Cline et al., 1992) . However, inhibition of activity by apyrase is also consistent with a GTP requirement, since the enzyme hydrolyzes both ATP and GTP. Finally, a combination of ATP and GTP was not additive (Fig. 5) . This finding suggests that the only nucleotide required for AB80 integration is GTP. Our preliminary studies with CAB7 ( Fig. 1) indicated that GTP is generally required for the integration of LHCP into the thylakoid. In addition to demonstrating that AB80 integration more efficiently utilized GTP than ATP, we have also shown that OEE33 does not utilize GTP for translocation. This indicates that the GTP nucleotide requirement is not general for thylakoid proteins, which means that AB80 utilizes a component that is not needed for OEE33 translocation. This implies that the targeting mechanisms utilized by the two proteins differ in a fundamental way.
Although our experiments were typically conducted under light intensity too low to support a ApH, we do not think the low activity was due to insufficient ApH across the thylakoids. Higher light intensities, 150 pE m-2 s-I, did not stimulate AB80 integration or OEE33 translocation (data not shown), suggesting that the ApH was not limiting under our assay conditions. Cline et al. (1992) showed that tentoxin, an inhibitor of the CFIFo ATPase, inhibited integration activity supported by ATP in the dark but not in the light and thereby concluded that reverse action of the ATPase generates the ApH. Gilmore and Yamamoto (1992) found that 0.3 mM ATP could sustain a ApH nearly equivalent to that generated by full sunlight provided that the ATPase was activated by DTT. Bennun and Avron (1965) reported that the F1 ATPase could hydrolyze GTP with approximately one-third the efficiency of ATP. Therefore, it is conceivable that ApH is not limiting because both nucleotides, at relatively low concentrations, are utilized to maintain an effective ApH across the thylakoid membrane. Because reductant is not included in the in vitro assays, one concern is whether the ATPase is sufficiently active under typical experimental conditions. In future experiments we will directly measure the ApH across thylakoids under the conditions used in the in vitro assay.
Overall, the activity in both assays was rather low; typically we observed integration or translocation of only 1 to 5% of the total precursor added to thylakoids. There are a number of possible reasons for this low activity. Typically, a major percentage of LHCP is aggregated and import incompetent (Payan and Cline, 1991) . We did not attempt to remove such aggregates from the translation product. In addition, we observed up to a 3-fold decrease in the activity after spin desalting the stroma. This loss could be due to denaturation of stromal factor or the loss of unidentified small molecules that might contribute to activity. Obviously, there may be additional factors that remain to be discovered and optimized. Since the efficiency of both reactions is low, we cannot rule out the possibility that additional components are involved in vivo and that these components might utilize additional nucleoticles besides those determined to be required based on the in vitro assay.
The elucidation of the nucleotide requirement for LHCP integration has important mechanistic implications. For example, targeting reactions that require ATP often involve binding and release from chaperones such as C'PN60 and HSP70 (Chirico et al., 1988; Deshaies et al., 1988; Manningkrieg et al., 1991; Neupert and Pfanner, 1993) . These chaperones have been implicated in the unfolding of proteins prior to transport, the translocation of proteins across membranes, m d the folding of proteins after transport (Kang et al., 1990; Sanders et al., 1992) . Recently, Yalovsky et al. (1992) reported that HSP70 was involved in integration of LHCP into the thylakoid, whereas Yuan et al. (1993) reported the contrary. Because HSP70 proteins typically are ATPases (Flynn et al., 1989; Flaherty et al., 1990) , our finding that A880 integration requires GTP and not ATP is also inconsistent with a role of HSP70 in this process.
At least two types of protein-targeting reactions require GTP: post-ER vesicular fusion reactions and SRP-dependent targeting reactions (Bourne et al., 1991) . Given the nonvesicular nature of the AB80 targeting pathway (Cline et al., 1989) and the existence of a chloroplast homolcg to SRP54 (Franklin and Hoffman, 1993), we think it a reasonable possibility that 54CP is involved in LHCP integation. Likewise, the lack of a GTP requirement for OEE33 targeting suggests that 54CP is not involved in this reaction. This is noteworthy because the thylakoid transfer domajn of OEE33 functioris as a signal sequence in E. coli (Seidler and Michel, 1990; Meadows and Robinson, 1991) and hence would be expected to interact with SRP54 and its homologs (Krieg et al., 1986; Luirink et al., 1992) . Further studies are undenvay to examine both of these issues.
The fact that nonhydrolyzable analogs of GTP inhibit AB80 integration is strong evidence that GTPase activity is required; the inhxbition by GDP suggests that a GTPase cycle is involved. Many GTPases cycle between active and inactive forms depending on whether GTP or GDP is bound (Boume et al., 1991) . Activity of the GTPases are increased by two types of regulatory factors, the guanine nucleotide release proteins, which catalyze the exchange of bound GDP for GTP, axld the GTPase-activating proteins, which speed up GTP hydrolysis (Bourne et al., 1991) . It is conceivable that either of these two types of proteins are also involved in LHCP integration. The function of the putative GTPase cycle may be to ensure specific targeting of AB80 to the thylakoid membrane as opposed to the inner envelope membrane.
We attempted to localize GTP-binding comyonents that are required for integration activity using periodate-oxidized GTP. Periodate treatment of GTP converts the vicinal alcohols on the ribose into aldehydes capable of reacting with free amino groups. Integration activity was inhibited when stroma was pretreated with periodate-oxidized GTP, but thylakoid pretreatment had no effect. This suggests that one GTP-binding component required for LHCP integration is located in the stroma. The component is likely to be a protein and not a nucleic acid, since protease but not RNase treatment of stroma abolishes integration activity (Fulson and Cline, 1988) . Our failure to inhibit activity by treatment of the thylakciids does not rule out the involvement of additional GTP-binding proteins in the thylakoid. It is possible that the ribose portion of GTP could be attached to the GTPase but not inactivate it, or alternatively, that no free amino groups within the protein are accessible to the cross-linking reagent. Further studies are required to establish whether more than one GTP-binding component is required and to determine where the GTP hydrolysis step occurs.
In recent years, severa1 laboratories have shown that thylakoid proteins are correctly targeted in chloroplast lysates. Studies were attempted on an integral membrane protein, LHCP (Cline, 1986 (Cline, , 1988 Chitnis et al., 1987; Fulson and Cline, 1988) , and four lumenal proteins, OEE17, OEE23, OEE33, and plastocyanin (Kirwin et al., 1989; Bauerle et al., 1991; Bauerle and Keegstra, 1991; Mould and Robinson, 1991; Mould et al., 1991; Klosgen et al., 1992) . Based on energetics and nucleotide requirements, these five proteins fall into three categories (Cline et al., 1992) . OEE17 and OEE23 strictly require a PMF and have no requirement for ATP. Plastocyanin has no requirement for PMF but requires ATP. LHCP and OEE33 were thought to require ATP and a PMF. Our observation that LHCP integration, unlike OEE translocation, requires GTP indicates that among the five proteins tested there are at least four categories of transport mechanisms based on energetic and nucleotide requirements. Are these four categories artificial distinctions based on in vitro assay conditions or do they reflect fundamentally different mechanisms? The latter implies that regulation of transport might be utilized to finely control the composition of the photosynthetic unit. For example, under high light, to minimize photochemical damage, it is desirable to have a small antenna relative to the reaction center. The balance between the size of the antenna and the reaction center might occur in part by restricting the integration of antenna proteins while permitting the integration and translocation of reaction center proteins. It will be interesting to study the targeting of additional thylakoid proteins by in vitro assay to see whether proteins that share common energetic and nucleotide requirements for transport also share functional attributes.
